Atom holography by Zobay, O. et al.
ar
X
iv
:c
on
d-
m
at
/9
90
40
32
v1
  1
 A
pr
 1
99
9
Atom holography
Oliver Zobay1,2, Elena V. Goldstein1 and Pierre Meystre1
1Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
2 Sussex Centre for Optical and Atomic Physics, University of Sussex, Falmer, Brighton BN1 9QH, UK
We study the conditions under which atomic condensates can be used as a recording media and
then suggest a reading scheme which allows to reconstruct an object with atomic reading beam. We
show that good recording can be achieved for flat condensate profiles and for negative detunings
between atomic Bohr frequency and optical field frequency. The resolution of recording dramatically
depends on the relation between the healing length of the condensate and the spatial frequency
contents of the optical fields involved.
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I. INTRODUCTION
In recent years, atom optics has been rapidly emerging
as a new and exciting subfield of atomic physics. The
objective of atom optics is to manipulate atomic beams
in a way similar to conventional optics by exploiting the
wave properties of the atoms. Supported by advances in
laser technology and microstructure fabrication a num-
ber of significant accomplishments have been realized in
the laboratory with the demonstration of, e.g., mirrors,
lenses, and diffraction gratings for atomic beams [1]. A
natural way of extending these studies consists in explor-
ing the possibilities of holographic imaging with atoms,
the conventional optics analogue of which has been well-
known for several decades [2,3].
Optical holography can be described as the three-
dimensional reconstruction of the optical image of an ar-
bitrarily shaped object. Typically, this is done in a two-
step process where first the information about the object
is stored in a hologram. This hologram is created by
recording, e.g., with the help of a photographic film, the
interference pattern between scattered light originating
from the illuminated object and a (plane-wave) reference
beam. The second step is the reconstruction, which is
performed by shining a reading beam similar to the ref-
erence beam onto the hologram. The diffraction of the
reading beam from the recorded pattern yields a virtual
as well as a real optical image of the original object.
Drawing on this concept, the characteristic property
of atomic holography is that at least the final reading
step is performed with an atomic beam. In this way,
an atom-optical image of the object is created which in
certain situations can be thought of as some sort of ma-
terial replica of the original. There are several reasons
why the realization of atom holography is of interest:
From a basic point of view, it significantly extends the
already well-established range of analogies between light
and matter waves. But more importantly perhaps, it
may also have useful practical applications from atom
lithography to the manufacturing of microstructures, or
quantum microfabrication.
One of the prerequisites for an actual implementation
of atomic holography is the availability of a reading beam
of sufficient monochromaticity and coherence. Given the
rapid advances in atom optics and especially in the real-
ization of atom lasers, this requirement can be expected
to be met in the near future. Another important question
concerns the potentially detrimental influence of gravi-
tional effects. One of the greatest challenges, however, is
the manufacturing of the actual hologram where the in-
formation to be reconstructed is stored. Several schemes
can be considered. One possibility is to diffract the atoms
from a mechanical mask. The first successful realizations
of such an approach have recently been reported in Ref.
[4]. In these experiments the hologram was manufac-
tured as a binary mask written onto a thin silicon nitride
membrane. Such a hologram has the advantage of being
permanent, however, as the mask only allows for com-
plete or vanishing (binary) transmission of the beam at a
given point one loses a significant amount of information
about the optical image. Another interesting proposal
was recently made in Ref. [5]. In this setup the atomic
beam is diffracted from the inhomogeneous light field cre-
ated by the superposition of object and reference beam.
These beams thus directly form the hologram.
The purpose of the present paper is to investigate
the perspectives of an alternative approach, namely the
manufacturing of the hologram directly within a Bose-
Einstein condensate (BEC). Atomic Bose condensates
have recently been realized experimentally [6,7] and are
now available almost routinely in several laboratories.
The motivation for the present study is twofold. First,
the possibility of such an “all-atomic” scheme is inter-
esting in itself and deserves further examination. Fur-
thermore, it illustrates the wide potential applicability
of condensates in atoms optics as a tool to influence the
trajectories of atoms from external sources.
Our approach is based on two main ideas. The holo-
graphic information is encoded into the condensate in
the form of density modulations by using writing and
reference laser beams that form an optical potential for
the condensate atoms. As we show later on, the density
modulations follow closely the optical beam interference
pattern if the condensate is of sufficiently high density,
i.e., if a Thomas-Fermi description is applicable [8]. All-
atomic reading is then accomplished in a way reminis-
1
cent of the Raman-Nath regime of diffraction between an
atomic beam and a light field. [1] Specifically, the reading
beam atoms, that have a suitably chosen velocity, inter-
act with the condensate atoms via s-wave scattering and
acquire a spatially dependent phase shift reflecting the
density modulations of the condensate. In the further
spatial propagation of the atoms, this phase shift gives
rise to the formation of the atom-optical image.
The proposed method is hence fundamentally different
from a recent suggestion to arbitrarily shape the center-
of-mass wave function of an atom (“wave-front engineer-
ing”). [9] Instead of pursuing an holographic approach,
this latter method makes use of a sequence of suitably
shaped laser pulses to obtain the desired wave front. In
fact, our proposal is more closely related to Ref. [10],
which also suggests using of Bose-Einstein condensates
to control particle deflection. Finally, we note that the
present work is also related to the discussion of the anal-
ogy between matter-wave mixing phonomena in ultra-
cold atomic samples and conventional nonlinear optics,
including in particular matter-wave phase conjugation
[11–13] and four-wave mixing [14–16].
The paper is organized as follows. After briefly recol-
lecting the principles of optical holography Sec. II gives
a general discussion of our approach to atomic hologra-
phy introduced above. As an illustration in Sec. III the
atom-optical imaging of a simple object is worked out in
detail. Summary and conclusions are given in Sec. IV.
II. HOLOGRAPHIC IMAGING WITH ATOMIC
BEAMS
A. Principles of optical holography
The principles of optical holography in their most ba-
sic form are shown in Fig. 1a; detailed expositions can
be found, e.g., in Ref. [17]. An object is illuminated with
a laser wave and the resulting field Eo(r) is brought to
interference with the reference beam Er(r). The ensu-
ing superposition field is recorded on a suitable medium,
e.g., a photographic plate, in such a way that the optical
transmission of the medium becomes proportional to the
total field intensity
I = |Er + Eo|
2 = |Eo|
2 + |Er|
2 + E⋆rEo + ErE
⋆
o . (1)
The wave front of a reading beam Erd(r) impinging upon
this hologram is thus proportional to I(r)Erd(r) after
it has penetrated the medium. In this expression, the
terms of interest are EoE
⋆
rErd+E
⋆
oErErd. They contain
the original object wavefront and its conjugate, and can
be used to construct a virtual and a real image of the
object. In optics several techniques have been developed
which allow to separately view each of these terms, such
as side-band Fresnel holography, Fraunhofer holography,
Fourier transform holography, etc. [17]. For the present
discussion of atom-optical holography we make use of
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FIG. 1. Set-ups for Fresnel side-mode holography: (a)
all-optical realization; (b) optical/matter-wave realization.
(Note the −z-axis in the last sketch.)
ideas from side-band Fresnel holography, which does
not rely on lenses and thus allows for a simple extension
to matter waves.
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B. Atomic Bose-Einstein condensates as recording
media
The idea of storing information onto atomic conden-
sates is based on the observation that the density distri-
bution of a condensate in the Thomas-Fermi limit closely
reflects the behavior of the confining potential. This
yields the possibility of accurate external control.
The Gross-Pitaevskii equation which governs the evo-
lution of the macroscopic wave function Φ(r, t) describing
the state of an atomic condensate with N atoms is given
by [8]
ih¯Φ˙ =
p2
2M
Φ+ V (r)Φ + g|Φ|2Φ, (2)
where p denotes the atomic center-of-mass momentum,
M the atomic mass, and V (r) the external potential. The
strength of atomic two-body interactions is determined
by g = 4pih¯2a/M with a being the s-wave scattering
length. The normalization condition for the condensate
wave function reads∫
d3r |Φ(r)|2 = N. (3)
The steady state of a condensate can thus be described
with a time-independent wave function φ(r) which is de-
fined by
Φ(r, t) = e−iµt/h¯φ(r),
where µ is the chemical potential. In the Thomas-Fermi
limit, where the effect of kinetic energy is much weaker
than the mean-field potential, the contribution of the
term p2/2M can be neglected and the condensate density
becomes
|φ(r)|2 = [µ− V (r)]/g, (4)
where µ is determined by the normalization condition
Eq. (3). From this expression we see immediately that
the form of the external potential is replicated in the
density profile of the atomic condensate.
Consider then replacing the photographic plate in
Fig.1b by a pancake-shaped BEC as the recording
medium. In case the writing of the information into the
condensate is achieved by optical beams, which are as-
sumed to be far detuned from atomic resonance, they
create an optical potential proportional to I/δ where I is
given by Eq. (1) and δ = ω−ωL is the detuning between
the atomic resonance ω and the laser frequency ωL. The
total potential V (r) acting on the condensate is then the
sum of the trap potential, taken to be slowly varying, and
this optical potential. From Eq. (4), it then follows in full
analogy with optical holography that all terms in Eq. (1)
are stored in the density distribution of the condensate
ground state. However, this atomic-condensate record-
ing is in some ways more akin to “real-time” holography,
since the optical fields should be continuously present in
order to maintain the density modulations in the conden-
sate. 1
C. Reading from atomic condensates
As already mentioned in the introduction, we consider
an all-atomic reading scheme, which has the fundamen-
tal advantage of allowing one to reconstruct a material
“replica” of the stored object. Specifically, the reading
beam is a monoenergetic atomic beam of velocity vrd
impinging at some angle onto the condensate. We as-
sume that the internal state of these incoming atoms is
such that they are only weakly perturbed by the writing
and trap potentials, so that their dominant interaction
is scattering by the atoms in the condensate. It is im-
portant at this point to emphasize that the atoms in the
reading beam need not be of the same species as the con-
densate atoms. In principle they could be of just about
any element or even molecule.
We consider specifically reading beam velocities such
that the interaction between the incoming atoms and the
condensate can be described in terms of s-wave scatter-
ing. This condition is fulfilled provided that [18]
arcmrcvrd/h¯≪ 1, (5)
where arc denotes the s-wave scattering length for col-
lisions between reading and condensate atoms and mrc
is their relative mass. For simplicity, we further assume
that the density of the reading beam is low enough that
collisions between atoms in that beam can be neglected.
Under these conditions the time evolution of the read-
ing atoms’ wave function ϕ(r, t) in the mean field of the
condensate is determined by the equation
ih¯ϕ˙(r, t) =
[
p2
2Mrd
+ grd|φ(r)|
2
]
ϕ(r, t) (6)
whereMrd is the mass of the atoms in the reading beam,
grd = 2pih¯
2arc/mrc. This equation assumes that to a
good degree of approximation, the condensate stays in
its ground state during the whole reading process.
Over the course of time, the condensate gradually loses
atoms due to scattering by the incoming atoms and other
processes, but it is assumed that its density distribution
remains given by Eq. (4) with µ slowly varying due to the
change in the number of atoms N , so that |φ(r)|2 has to
be changed adiabatically in Eq. (6). Under these circum-
stances the shape of the holographic image will gradually
1Note that the use of optical fields is not essential to the
present discussion: other interactions susceptible of imposing
a spatially dependent potential V (r) on the condensate can
also be considered.
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change and eventually distort when |φ(r)|2 deviates too
much from the Thomas-Fermi expression. However, the
time scale for this process, the lifetime of the condensate,
can be long in comparison to the time necessary to form
the image, the flight time of the reading atoms.
The reading and reconstruction of the condensate in-
formation into a material “replica” is easily achieved if
the condensate is sufficiently thin that its density dis-
tribution can be regarded as effectively two-dimensional,
and its interaction with the reading atoms is short enough
that the Raman-Nath (or thin hologram) approximation
can be invoked. The condensate then acts as a phase
grating for the reading beam, whose wavefront after pen-
etrating the condensate is given by
ϕ(r, zc+, τ) = exp[−igrd|φ(r)|
2τ/h¯]ϕ(r, zc−, 0). (7)
Here τ denotes the time it takes the probe atoms to pass
through the condensate of length lz, zc− and zc+ are the
z-coordinates just before and past the condensate respec-
tively. The situation described by Eq. (7) is reminiscent
of phase holography in optics. In case
grdmax[|φ(r)|
2]τ/h¯≪ 1 (8)
we obtain
ϕ(r, zc+, τ) ≃ (1− igrd|φ(r)|
2τ/h¯)ϕ(r, zc−, 0),
i.e., the holographic information stored in the condensate
is indeed transferred to the reading beam. The subse-
quent free space propagation allows to separate the dif-
ferent terms contained in |φ(r)|2 and to reconstruct the
atom-optical replica of the stored object.
III. EXAMPLE: ATOM-OPTICAL IMAGING OF
A SMALL APERTURE
In this section we illustrate the principle of atom holog-
raphy in the case of imaging of a simple object. This ex-
ample allows one to investigate more closely under which
conditions and to which degree the general scheme of
Section II can be realized in practice.
A. Optical potentials
The geometry we are considering is shown in Fig. 1b.
The aperture and the condensate are parallel to each
other, their centers being located at the points (0, 0, 0)
and (0, 0, zc), respectively. The aperture is illuminated
by a plane optical wave Einc of amplitude E0 and wave
vector kL propagating along the z−direction. The emerg-
ing electric field is the well-known Kirchhoff’s solution to
the associated diffraction problem [17]
Eo(r, zc) = −
1
2pi
∫
obj
d2r0Einc(r0, 0)
(
ikL −
1
R
)
×
cos θ
exp(ikLR)
R
, (9)
where r0 is a two-dimensional vector in the object plane
and R =
√
|r− r0|2 + z2c the distance from an object
point (r0, z = 0) to a point (r, zc) on the thin condensate
acting as a recording medium. Finally, cos θ = zc/R, and
the integration is performed over the object boundaries.
The diffracted electric field acquires a simpler form in
the Fresnel regime (i.e., the paraxial or parabolic approxi-
mation) where zc ≫ λL = 2pi/kL, |r−r0| so that cos θ ∼ 1
and R ∼ zc+ |r−r0|
2/zc. The object field at the location
of the condensate can then be approximated as
Eo(r, zc) ∝ e
ikLzceiπr
2/λLzc
F2[EoO(r0)e
iπr2
0
/λzc ]
∣∣
ρ=r/λLzc , (10)
where O(r0) defines the shape of the object and F2[]ρ de-
notes the two-dimensional Fourier transform with respect
to ρ.
In order to construct the optical potential V (r) that
imprints the information onto the condensate, the object
field Eo(r, zc) is interfered as in conventional holography
with a plane wave reference beam of amplitude Er and
wave vector kr = kL(sinβ, 0, cosβ) = (k⊥, 0, kz), see Fig.
1b. The intensity of the superposition at the location of
the condensate is thus
I(r, zc) = |Eo(r, zc)|
2 + |Er|
2
+ [F2[. . .]E
⋆
r e
i(kL−kz)zc−ik⊥xeiπr
2/λLzc + c.c.] (11)
To make things clear, let us backtrack for a mo-
ment and imagine that instead of a matter-wave holo-
gram, we create an optical hologram from the inten-
sity distribution (11). When illuminating that hologram
with the reading beam Erd = Erd exp (ikzz − ik⊥x) , we
see the emergence of three wavefronts: the background
wave Erd(|Eo|
2 + |Er|
2) travelling along the direction
(−k⊥, 0, kz); the object wave ErdEoE
⋆
r ; and the conju-
gate beam ErdE
⋆
oEr which constitutes a converging wave
front travelling in the z-direction. Upon propagating a
distance zc after the plane of the hologram, the quadratic
phase in the conjugate beam is undone and a real image
is created. Indeed, by applying again Kirchhoff’s solution
in the Fresnel approximation of Eq. (10) one obtains
Eim(r, 2zc)→ ErdE
⋆
0Er ∝ e
ikLzceiπr
2/λLzc
× F2[ErdE
⋆
0Ere
iπr2
0
/λzc ]
∣∣
ρ=r/λLzc , (12)
which is precisely proportional to O(r). The object wave-
front, on the other hand, corresponds to a virtual image.
We now study the conditions under which this same pro-
cedure can be applied to atom holography.
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B. The writing process
We assume for concreteness that the condensate con-
sists of sodium atoms, so that laser fields with wave-
lengths of about λL ∼ 10
−6m can be used to create the
optical potentials [19]. It is assumed to be trapped in
a square well potential, as this provides a homogeneous
density of a condensate and thus avoids distortions of the
holographic image. However, one could also work with
the approximately constant density distribution near the
center of a harmonic trap that is very wide in the trans-
verse directions.
To be specific, we investigate the imaging of a rectan-
gular aperture of width D = 10λL located at a distance
z ∼ 1000λL from the condensate. The emerging diffrac-
tion pattern has an angular width of θd = λL/D ∼ 0.1,
so that the condensate must have an extension of at least
lx ∼ 100λL ∼ 10
−4m in the x-direction. Its extension ly
along the y-axis, as well as the width of the aperture, are
both assumed large enough that diffraction effects are
negligible in that direction, reducing the problem to an
effective two-dimensional geometry. This allows us to ex-
press the condensate wave function as φ(r) = ψ(x)/
√
lylz
where lz is the condensate thickness, which is assumed to
be very small as we recall from sec. II C. Indeed, an upper
limit to lz is provided by the condition that the density
distribution has to be effectively two-dimensional. The
periodicity of the intensity distribution (11) along the z-
direction is determined by the angle between reference
and writing beams; quantitatively, one obtains the re-
quirement
lz ≪ 2pi/kL(1− cosβ).
In our numerical example we choose β = 30◦ and lz =
10−6m so that this condition is well satisfied. From the
normalization condition for a condensate in a square well
potential one immediately finds that the chemical poten-
tial is given by
µ =
Ng
lxlylz
(13)
and thus from Eq. (4)
|ψ(x)|2 =
N
lx
(14)
The strength of the optical fields is determined from
the requirement that the recorded density profile of the
condensate is mainly determined by the light field inten-
sity, and not by the trap ground state profile (pedestal).
This means that the field intensity must yield modula-
tions of the optical potential deeper than the trapping
potential, i.e.
max |h¯Ω2(r, zc)/δ| ≫ µ, (15)
where the Rabi frequency Ω2(r, zc) ∝ I(r, zc). In addi-
tion, since the atomic density of Eq. (4),
|ψ(r, zc)|
2 =
1
g
[
µ− Vtrap(r)−
h¯Ω2(r, zc)
δ
]
(16)
where Vtrap is the trap potential, is non-negative, one
should choose a negative detuning δ so that |ψ(r, zc)|
2
reaches the approximate value
|ψ(r, zc)|
2 ≃
∣∣∣∣ h¯Ω
2(r, zc)
gδ
∣∣∣∣ . (17)
For the Thomas-Fermi approximation and thus Eq. (4)
to be valid, the condensate healing length ξ needs to be
much smaller than the characteristic length scale λ over
which the external potential varies, i.e.,
ξ = (8pian)−1/2 ≪ λ
where n is the condensate density. In our case, λ is of
course of the order of the optical writing beam wave-
length, λ ≃ λL. The healing length determines the length
scale of a density variation whose quantum pressure (ki-
netic energy contribution) is of the order of the interac-
tion energy [8]. This leads to the requirement
8piNalx/lylz ≫ (lx/λc)
2 (18)
which, with all other values previously fixed, translates
into N/ly ≫ 2× 10
9. In our numerical example we work
with the value N/ly = 2×10
11 which correspond to N =
2× 107 for ly = 10
−4m.
We proceed by first determining numerically the
ground state of the condensate subject to the writing
optical potentials, with the goal of justifying the approx-
imate density profile (17). This is achieved by solving
the Hartree-Fock wave function evolution governed by
the Gross-Pitaevskii equation in imaginary time. For
the parameter values listed, we find a very good agree-
ment between the shape of the density modulation of
the condensate ground state, see Fig. 2, and the opti-
cal intensity distribution, see Fig. 3. Further numerical
simulations show that this density profile can actually be
prepared by adiabatically turning on the writing and ref-
erence beams: Starting from the condensate in the trap
ground state, the optical fields are switched on slowly
enough that no density oscillations become significantly
excited. In our specific example, we consider first the
square-well ground state ψ(x) =
√
N/lx and turn on
the optical potential Eq. (11) with a switch-on function
[1−exp(−t/tc)]
2, where tc ≃ 0.01s is short in comparison
to typical condensate lifetimes. The resulting condensate
density profile is given in Fig. 4. This illustrates that
in this way the condensate wave function is transferred
without difficulty from the trap ground state to the new
ground state in presence of the optical potential, see Fig.
3.
5
|ψ|
0.0
0.0-500.0 500.0 x /λ L
1011
2
FIG. 2. Condensate ground state density [m−1] in a
square-well potential with the optical fields on. The ob-
ject size is 10λL, and the distance from the object to the
condensate is zc = 1000 · λL. The sodium condensate pa-
rameters are N = 2 · 107, lx = 3 · 10
−4m, ly = 10
−4m,
lz = 10
−6m, Vtrap(|x| > lx) = µ. The optical field param-
eters are |h¯Ω2(r, zc)/δ| = 100 · µ, Er = 0.1Eo, β = 30
0
x/
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FIG. 3. Optical hologram for the same optical fields as used
for writing on the atomic condensate in Fig. 2.
C. The reading process
The reading and construction of a replica of the store
object is achieved by an off-axis atomic beam impinging
upon the condensate from the side opposite to the writing
optical beams. The velocity of this beam needs to be
carefully selected, as it must be confined between a lower
and an upper bound resulting from the thin hologram
and s-wave scattering approximations, respectively.
As we have seen, a lower bound in atomic velocities vrd
in that beam is determined by the condition of validity
of Raman-Nath, or thin hologram, approximation. The
physical meaning of this condition is that the longitudinal
2
0.0
0.0 500.0-500.0 x / λ L
10 11
|ψ|
FIG. 4. Steady-state atomic density profile [m−1] for the
system of Fig. 2, but achieved by adiabatically turning on the
optical potential in a characteristic time tc = 0.01sec
contribution to the kinetic energy of the probe atoms
must be large compared to their interaction energy with
the condensate atoms
p2z
2Mrd
≫ grdmax|φ(r)|
2 (19)
and the typical transverse deflection inside the conden-
sate must remain small compared to the length scale of
the density fluctuations,
pxτ
Mrd
≪ λL. (20)
Under these circumstances, the kinetic energy term in
Eq. (6) can be dropped. Eq. (19), together with the re-
quirement of small phase variations in the reading beam
upon propagation through the condensate (see Eq. (8)),
gives the lower bound for vrd.
In addition, Eq. (20) together with the requirement
that the s-wave scattering approximation is valid, see
Eq. (5), determines an upper bound for vrd.
Our numerical simulations are for vrd ∼ 10
−1 m/sec,
which is a reasonable value for the experiments with ultra
cold atomic beams and lies within these lower and upper
bounds.
Similarly to the optical case, the atomic wave function
acquires a quadratic phase upon free propagation, a re-
sult of the fact that in the paraxial approximation, the
dispersion relations of optical and matter waves are both
quadratic and essentially the same. Indeed,
ϕ(x, zc+ +∆z, τ +∆t) =∫
dξeixξe
−i h¯ξ
2
2Mrd
∆t
∫
dx′e−ixξϕ(x′, zc+, τ)
= ei
Mrd
2h¯∆t
x2
∫
dx′ϕ(x′, zc+, τ)e
i
Mrd
2h¯∆t
x′2e−i
Mrd
h¯∆t
xx′
6
= ei
Mrd
2h¯∆t
x2F2[ϕ(x
′, zc+, τ)e
i
Mrd
2h¯∆t
x′2 ]
∣∣∣ξ=Mrd
h¯∆t
x
(21)
Here φ(x′, zc+, τ) is defined according with Eq. (7) and
∆z = vrd∆t. The free propagation time ∆t is deter-
mined from the same requirement as in the optical case,
namely that the quadratic phase exp[−ipix2/λLzc] in the
recorded atomic density (17) be exactly compensated.
This gives
∆t =
Mrd
2h¯
(
λLzc
pi
)
. (22)
We finally observe that in order for the image to be
formed on-axis, the reading beam needs to propagate off-
axis at an angle βA such that it compensates the angle
of an optical reference beam, i. e.
sinβA = kL sinβ/kA. (23)
This is a very small angle since kA ≡ vrdMrd/h¯ ≫ kL.
Fig. 5 shows the numerically computed atomic density
profile in the plane zc+∆z for this choice of parameters.
This demonstrates explicitly that the original rectangu-
lar aperture is indeed reconstructed on axis. In contrast,
the virtual image, for which the quadratic phase stored in
the condensate is not compensated, propagates off-axis,
and so does the background contribution.
0.010.0 10.0
0.0
0.2
0.4
|ϕ| 2
L
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0.5
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0.0
-500.0 0.0 500.0 /λx
FIG. 5. Reconstructing a replica of the original object
from the atomic hologram. The reading beam consists of a
monochromatic beam of sodium atoms moving at an angle βA
from the z-axis at a velocity vrd = 0.1 m/sec. Shown is the
atomic density profile at a distance ∆z from the condensate
such that the quadratic phase shift of the conjugate image
is precisely canceled. The insert compares the reconstructed
and original objects. The off-axis feature for positive x cor-
responds to the real object, for which the quadratic phase is
still present. The large off-axis feature at negative x is back-
ground.
IV. SUMMARY AND CONCLUSIONS
In this paper, we have theoretically discussed an atom
holography scheme where the hologram is stored in a
Bose-Einstein condensate. An important feature of the
proposed scheme is that the reading beam needs not
consist of the same element as the condensate atoms.
It merely needs to be a slow monochromatic atomic or
molecular beam that interacts with the condensate atoms
via s-wave scattering, or any other interaction leading to
a cubic nonlinearity in the nonlinear Schro¨dinger equa-
tion. Matter-wave holography, once experimentally real-
ized, is certain to open up the way to numerous poten-
tial applications, in particular in microfabrication. One
should note that the slow atoms discussed in the present
paper have large de Broglie wavelengths, which severely
limit the spatial resolution of the material replica that
can be reconstructed. However, the wavelength of mat-
ter waves can easily be shortened, for example by grav-
itation. It is readily conceivable that this can be used
to achieve miniaturized structures with nanometer-scale
features. This, and other aspects of atom holography,
will be the subject of future studies.
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